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Abstract—A novel acquisition scheme that utilizes multipaths
to improve acquisition performance is proposed for frequency-se-
lective fading channels. The proposed acquisition scheme employs
nonconsecutive search and joint triple-cell detection. The perfor-
mance is analyzed in frequency-selective Rayleigh fading channels.
Equations for the probabilities of detection and false alarm are de-
rived, and an expression for the mean acquisition time is devel-
oped. The mean acquisition time performance of the proposed and
conventional acquisition schemes is evaluated and compared. It is
found that the proposed acquisition scheme significantly outper-
forms the conventional one. The effects of various channel param-
eters such as the number of resolvable paths, the shape of the mul-
tipath intensity profile (MIP) and the signal-to-interference ratio
(SIR) on acquisition performance are also investigated.
Index Terms—Acquisition, frequency-selective Rayleigh fading,
joint triple-cell detection, nonconsecutive search, spread-spec-
trum.
I. INTRODUCTION
D IRECT-SEQUENCE spread-spectrum (DS/SS) hasattracted considerable interest in commercial applications
and has been chosen for next generation mobile radio systems
[1], [2]. In DS/SS systems, code synchronization is important
because data demodulation is possible only after synchroniza-
tion is performed. The code synchronization is usually achieved
in two steps: acquisition for coarse alignment and tracking for
fine alignment, of which the former is addressed in this paper.
Various acquisition schemes have been investigated for rapid
acquisition, which may be classified into either serial search
or parallel search. Cells in an uncertainty region are consecu-
tively tested in a serial search, and it is widely employed due to
simple implementation. In [3], a serial search scheme has been
discussed and mean acquisition time performance has been ana-
lyzed in a static channel. The analysis has been extended to fre-
quency-selective Rayleigh fading channels in [4]. In a parallel
search, cells are simultaneously tested, and the use of parallel
search is desirable in applications where faster acquisition is re-
quired at the cost of complexity. The performance of the parallel
Paper approved by Z. Kostic, the Editor for Wireless Communication of the
IEEE Communications Society. Manuscript received February 22, 2000; revised
July 2, 2000. This work was supported by the Brain Korea 21 Project. This
paper was presented in part at the 11th IEEE Symposium on Personal, Indoor
and Mobile Radio Communications (PIMRC 2000), London, U.K., September
2000.
The authors are with the School of Electrical and Computer Engineering,
Seoul National University, Seoul 151-742, Korea (e-mail: osshin@mo-
bile.snu.ac.kr; klee@snu.ac.kr).
Publisher Item Identifier S 0090-6778(01)03133-6.
acquisition scheme is extensively analyzed in static and fading
channels [5]–[8].
In frequency-selective fading channels where delay spread is
greater than the chip duration, there exist a number of resolvable
paths. From the viewpoint of acquisition, the existence of multi-
paths implies that there exist more than one in-phase cells. The
in-phase cell is defined as a cell where the timing error between
the received signal and the local generated code resides within
a fraction of chip duration [4]. Despite the existence of mul-
tiple in-phase cells, the conventional acquisition schemes ana-
lyzed in [3]–[8] have been first developed under the assumption
that there exists only one in-phase cell. The effects of multiple
in-phase cells on the performance of conventional acquisition
schemes are investigated in [4] and [8]. Recently, there have
been a few attempts to utilize multipaths for acquisition per-
formance improvement in frequency-selective fading channels.
In [9], a conventional serial search scheme with joint twin-cell
detection has been proposed to improve serial acquisition per-
formance. In [10], the optimal decision rule has been developed
using the maximum-likelihood estimation technique to improve
parallel acquisition performance.
The objective of this paper is to propose a new serial acquisi-
tion scheme which can effectively utilize multipaths to improve
acquisition performance in frequency-selective fading channels.
The effective utilization of multipaths may become more impor-
tant in next generation DS/SS systems, where wide bandwidths
are employed to provide high date rate services [1], [2], resulting
in an increase in the number of resolvable paths. In a conven-
tional serial acquisition scheme, cells in an uncertainty region
are tested consecutively and the test is performed by cell-by-cell
detection [3], [4]. This scheme is appropriate if there is only one
in-phase cell [3]. In frequency-selective fading channels, how-
ever, there may exist a number of in-phase cells, whose code
phase differences are less than the delay spread [4]. To exploit
the presence of more than one in-phase cells, the use of noncon-
secutive search is proposed in this paper. The nonconsecutive
search is utilized to decrease the search time by testing cells in
a nonconsecutive manner with a step size greater than one chip.
Furthermore, the joint triple-cell detection is employed to utilize
a jacent cells for a more reliable decision. This scheme may be
viewed as an extension of the joint twin-cell detection in [9]. In
this detection scheme, neighboring two cells as well as the cell
under the test are utilized to perform a test on a cell.
The performance of the proposed acquisition scheme, which
employs a nonconsecutive search and joint triple-cell detection,
is analyzed in frequency-selective Rayleigh fading channels.
0090–6778/01$10.00 © 2001 IEEE
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Fig. 1. Structure of an acquisition receiver employing the nonconsecutive search and cell-by-cell detection (NCS-CC).
Fig. 2. Structure of an acquisition receiver employing the nonconsecutive search and joint triple-cell detection (NCS-TC).
To investigate the effects of the nonconsecutive search only
without joint triple-cell detection, an acquisition scheme
which employs the nonconsecutive search and conventional
cell-by-cell detection is also considered. Equations for the
probabilities of detection and false alarm are derived for fre-
quency-selective Rayleigh fading channels, and an expression
for the mean acquisition time is developed. The mean acqui-
sition time performance of the proposed acquisition scheme is
compared with that of the conventional one in various channel
environments.
This paper is organized as follows. Section II describes
the proposed acquisition system. In Section III, performance
analyses of the proposed acquisition schemes are presented.
In Section IV, mean acquisition time performance of the
proposed and conventional acquisition schemes is evaluated
and compared. Finally, conclusions are drawn in Section V.
II. PROPOSEDACQUISITION SYSTEM
A. Acquisition Receiver Structure
The acquisition system proposed in this paper utilizes the
presence of more than one resolvable path signals, and is based
on a serial search double dwell noncoherent system that has two
modes of operation, i.e., search mode and verification mode,
as shown in Figs. 1 and 2. In both modes, it is assumed that a
DS/SS signal is received without data modulation and a non-
coherent detector with an active correlator is employed. A de-
cision variable is formed by conventional cell-by-cell detec-
tion in Fig. 1, and by joint triple-cell detection in Fig. 2. In
the search mode, the decision variable is compared with a de-
cision threshold. If the decision variable exceeds the decision
threshold, the corresponding cell is assumed tentatively to be an
in-phase cell ( cell), and the verification mode is activated to
t st whether the tentative decision is correct or not. Otherwise,
the cell is assumed to be an out-of-phase cell (cell) and a new
cell is tested. In the verification mode, the receiver performs a
number of tests by comparing the decision variable with a de-
cision threshold. If at least out of these decision variables
xceed the new decision threshold, acquisition is declared and
the tracking system is enabled. Otherwise, the tentative decision
is rejected and the acquisition system goes back into the search
mode to test a new cell. Before testing a new cell, the code phase
is updated by more than one chip, which makes the search pro-
cedure be nonconsecutive. The nonconsecutive search and joint
triple-cell detection are described in more detail in the following
subsections.
B. Nonconsecutive Search
As mentioned in Section I, more than one cells may
exist in frequency-selective fading channels. In order to exploit
the presence of multiple cells, the nonconsecutive search
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Fig. 3. Circular state diagram of the nonconsecutive search.
strategy is proposed in this paper. In this search strategy, cells
in an uncertainty region are tested in a nonconsecutive manner
with a step of chips, where denotes the number of
resolvable paths, and it is assumed to be known to the receiver.
The effect of nonconsecutive search is to test cells in a different
order from the conventional consecutive search, so that consec-
utive cells are tested nonconsecutively. The nonconsecutive
search can be easily implemented by advancing the phase of a
local code generator by chips in the code phase update com-
ponent. The structure of an acquisition receiver employing the
nonconsecutive search with cell-by-cell detection is depicted in
Fig. 1. In this receiver, only the code phase update component
is different compared with a conventional receiver, where only
one chip is updated.
The search procedure and benefits of nonconsecutive search
may be described by the circular state diagram in Fig. 3. In this
figure, the whole uncertainty region which consists ofcells is
divided into disjoint subregions .
denotes the number of cells in . Without loss of generality, the
last node ( ) in denotes theth cell ( cell), which
corresponds to theth resolvable path. The other nodes except
ACQ denote cells. In Fig. 3, note that there is one and only
one cell in each subregion, and thus cells are uniformly
di tributed over the whole uncertainty region. This reduces time
required to reach an cell from an initial cell, and thus the
mean acquisition time may decrease. Another point to be noted
is that an additional phase adjustment process of the local code
generator is required whenever cells are tested for
, where mod . For ex-
ample, when , the phase should be adjusted whenever
the number of tested cells is one of ,
. This is to avoid the same cell being tested
again until all the cells in the uncertainty region are tested.
C. Joint Triple-Cell Detection
In frequency-selective fading channels, the signal power
is dispersed into a number of resolvable paths. Therefore,
the signal-to-interference ratio (SIR) for each resolvable path
decreases with the number of resolvable paths increasing, when
the interference power is fixed [10]. In this case, a decision
variable formed by conventional cell-by-cell detection may
be unreliable compared to a decision variable where the total
signal power is contained in a single path. A simple way to
increase reliability may be to increase a correlation interval.
In real environments, however, the increase in the correlation
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interval may degrade acquisition performance due to Doppler
spread as well as an increase in dwell time [3], [4]. A joint
twin-cell detection scheme has been proposed in [9], where
a decision variable is formed by combining detector outputs
corresponding to two successive cells. This may increase
reliability without increase in the correlation interval. In [10],
a similar method has been presented, in which detector outputs
corresponding to successive cells are combined to form
a decision variable. These detection schemes may be viewed
as attempts to improve reliability by utilizing a path diversity
technique.
In the joint twin-cell detection scheme in [9], the cell under
the test and the previous cell are combined to form a decision
variable. In this paper, joint triple-cell detection is proposed
as an extension of the joint twin-cell detection. In the joint
triple-cell detection, three cells are utilized to form a decision
variable: the cell under the test, the previous cell and the next
cell. When the number of resolvable paths is greater than three,
greater combining gain may be obtained by utilizing three
cells instead of two cells. The rationale for the use of both the
previous and next cells in combining rather than two previous
or two next cells is as follows. When the cell under the test is an
cell, the previous and next cells have an equal probability
of being another cell, and this probability is greater than
the probability that the second previous cell or the second next
cell is an cell. Hence, the use of both the previous and next
cells are more advantageous than that of two previous or two
next cells.
The joint triple-cell detection can be easily implemented
using two delay elements without an additional code generator.
The structure of an acquisition receiver employing the noncon-
secutive search and joint triple-cell detection is shown in Fig. 2.
In this figure, denotes a detector output corresponding to
the cell under the test. and denote detector outputs
corresponding to the previous and next cells, respectively.
A decision variable is formed by combining these three
detector outputs: .
III. PERFORMANCEANALYSIS
In this section, the performance of the acquisition schemes
described in Section II is analyzed in frequency-selective
Rayleigh fading channels. Two new acquisition schemes, one
employing nonconsecutive search and cell-by-cell detection
(NCS-CC) and the other employing nonconsecutive search and
joint triple-cell detection (NCS-TC), are considered. These
two schemes are respectively depicted in Figs. 1 and 2. In
Section III-A, the channel model used in performance analysis
is presented. In Section III-B, equations for the probabilities
of detection and false alarm are derived for NCS-CC and
NCS-TC, respectively. In Section III-C, an expression for
the mean acquisition time is derived using the circular state
diagram in Fig. 3, which is applicable to both NCS-CC and
NCS-TC.
A. Channel Model
The channel is modeled as a tapped delay line with tap
spacing of one chip [10]. Assuming that fading for each
r solvable path is constant over the correlation interval, each
tap is multiplied by an independent complex Gaussian random
variable. The amplitude and phase of the fading for theth
resolvable path are respectively represented asand , where
is a Rayleigh random variable and is a uniform random
variable over . The multipath intensity profile (MIP)
is assumed to be either uniform or exponentially decaying
with the decay rate . When the total fading power in all of
the resolvable paths is normalized to unity, the average fading
power in each resolvable path is represented as [10]
(1)
where denotes the statistical expectation. The number of
resolvable paths is assumed to be greater than two in order
to guarantee independence of decision variables in NCS-TC.
B. Probabilities of Detection and False Alarm
The receiver is assumed to be chip-synchronized to the re-
ceived signal. The code periodis discretized with a step size
of one chip, resulting in cells of the uncertainty region. For
NCS-CC, the decision variable is a noncoherent detector output
itself, as shown in Fig. 1. In this case, the probability density
function (PDF) of the decision variable corresponding to the
th resolvable path is expressed as [10]
(2)
where denotes an cell corresponding to theth re-
solvable path. 2 denotes the first moment of a decision
variable, which is composed of signal and interference:
, where and respectively denote the
total transmit signal power and interference power, and
is the normalized fading power of theth resolvable path signal
and is given in (1). is defined as the total received SIR,
which equals to SIR/chip multiplied by the correlation interval
in chips, and is the SIR of a detector output
corresponding to theth resolvable path. Similarly, the PDF of
the decision variable which does not correspond to any of the
resolvable paths is expressed as
(3)
From (2) and (3), the probability of detection at the
th resolvable path and that of false alarm for a given
decision threshold is calculated as
(4)
For NCS-TC, the joint triple-cell detection is utilized as
shown in Fig. 2. In this case, the PDF of the decision variable
can be easily found using the characteristic
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function [10], [11]. Since , and are independent
central chi-square random variables with two degrees of
freedom, the characteristic function ofmay be expressed as
[11]
(5)
where 2 is the first moment of .
Under an cell, there exists no signal component in
, or , i.e., ( ), and thus (5)
becomes
(6)
which is the characteristic function of a central chi-square
distribution with six degrees of freedom. Therefore, the corre-
sponding PDF is found as [11]
(7)
Using the cumulative distribution function (CDF) of (7), the
probability of a false alarm for a given decision thresholdis
calculated as
(8)
The characteristic functions for the decision variables corre-
sponding to the states (1, 1) and in Fig. 3 are
different from (6), since corresponds to the last resolvable
path in state (1, 1) and to the first resolvable path in state
( ). The effects of these two states are assumed to
be negligible since the number of this kind of states is only
two, which is generally much less than the total number of
states. Under this assumption, the characteristic function for any
state is assumed to be as represented in (6) in this paper.
Under an cell, the characteristic function in (5) can be
expressed by the partial fraction expansion [10], from which the
PDF is found as follows depending on the shape of the MIP.
1) Uniform MIP ( ): For a uniform MIP, the character-
istic function for the decision variable corresponding to theth
resolvable path may be expressed as [10]
(9)
where and
. Taking the inverse transform of (9), the PDF may
be expressed as [11]
(10)
From (10), the probability of detection at theth resolvable path
for a given decision threshold is found as
(11)
2) Exponentially Decaying MIP ( ): For an exponen-
tially decaying MIP, the characteristic function for the decision




. The corresponding PDF is expressed as [11]
(13)
from which the probability of detection at theth resolvable path
for a given threshold is found as
(14)
C. Mean Acquisition Time
In fading channels, the detector outputs in search and verifi-
cation modes may be correlated. To make the performance anal-
ysis be tractable, the effects of this correlation are assumed to be
negligible as in [4] and [12]. Under this assumption, the succes-
sive decision variables are not correlated for joint triple-cell de-
tection as well as cell-by-cell detection, when the joint triple-cell
detection is incorporated with nonconsecutive search. This is
because there is no overlap between cells which are utilized to
form successive decision variables, if is greater than two.
Hence, the mean acquisition time can be calculated using the
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flow graph method in [3]. In the circular state diagram in Fig. 3,




where is the gain of the branch connecting any of two
successive nodes and for
and . and are respectively
the gain of the branch connecting the nodes and the
ACQ, and that of the branch connecting and
. In (15)–(17), is defined as the correlation in-
terval or dwell time in the search mode, whereis the chip du-
ration and is the penalty time in chips. The correlation interval
in the verification mode is assumed to be. and
denote the probabilities of detection at theth resolvable path
in the search and verification modes, respectively. and
denote the probabilities of a false alarm in the search and ver-
ification modes, respectively. These probabilities can be calcu-
lated using (4) for NCS-CC and (8), (11) and (14) for NCS-TC:
(18)
(19)
where and are decision thresholds in the search and veri-
fication modes, respectively.
From the circular state diagram in Fig. 3, the transfer function





and is given as
(22)
where denotes the integer part of. Under the assumption
that the initial code phase of the received signal is uniformly dis-
tributed on the whole uncertainty region, the generating function
is found as
(23)
The corresponding mean acquisition time may be calculated as
[3]
(24)
which yields (25), shown at the bottom of the page, where
(25)
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Fig. 4. Mean acquisition time versus SIR/chip (L = 5;  = 0).
Fig. 5. Mean acquisition time versus SIR/chip (L = 10;  = 0).
IV. PERFORMANCEEVALUATION
In this section, the mean acquisition time performance of
the proposed acquisition schemes (NCS-CC and NCS-TC) de-
scribed in Section III are evaluated and compared with that of
the conventional one. Equations (18), (19) and (25) are used to
calculate the mean acquisition time for NCS-CC and NCS-TC.
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Fig. 6. Mean acquisition time versus SIR/chip (L = 5;  = 1).
Fig. 7. Mean acquisition time versus SIR/chip (L = 10;  = 1).
The mean acquisition time for the conventional scheme is eval-
uated using equations presented in [4]. The code periodis set
to , and two values of the correlation length, 64 and 256,
are considered in the search mode. As mentioned in Section III,
the correlation interval in the verification mode is set two times
larger than that in the search mode. As suggested in [3],
and are chosen for the verification mode, and the penalty
factor is assumed to be . The decision thresholds and
are determined numerically to minimize the mean acquisi-
tion time for each value of SIR/chip.
Figs. 4 and 5 show the mean acquisition time for a uni-
form MIP, when and , respectively. The
proposed schemes are shown to always outperform the con-
ventional one. By comparing the performance of NCS-CC
with that of the conventional one, the performance improve-
ment through the use of nonconsecutive search is found to
increase with the SIR. This may be explained using a perfor-
mance improvement factor which is defined as the ratio of
the mean acquisition time of the conventional scheme to that
of NCS-CC. The maximum achievable value of this ratio
i about as shown in Figs. 4 and 5, and this may be
achieved when the SIR is sufficiently high so that there are
no false alarms or miss-detections. At a low SIR, a number
of miss-detections and false alarms may occur. Thus,
cells may be repeatedly missed such that cells in an uncer-
tainty region are tested several times on the average to com-
plete acquisition. In this case, the benefits of nonconsecutive
search decrease since the time required to reach the first
cell from an initial cell becomes negligible compared to the
total acquisition time. At low SIR values, the ratio converges
to 1, and thus the performance of two schemes becomes
indistinguishable. Figs. 6 and 7 show the mean acquisition
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Fig. 8. Effects of the number of resolvable paths on mean acquisition time (SIR/chip=  2 dB,M = 256;  = 0).
Fig. 9. Effects of the number of resolvable paths on mean acquisition time (SIR/chip=  16 dB,M = 256;  = 0).
time for an exponentially decaying MIP with , when
and , respectively. The proposed schemes are
observed to outperform the conventional one as in the case
of uniform MIP. Comparing Figs. 4 and 6, the performance
improvement is found to be greater for a uniform MIP than
for an exponentially decaying MIP with . This can also
be observed from Figs. 5 and 7.
The performance improvement due to joint triple-cell detec-
tion is examined by comparing the performance of NCS-CC and
NCS-TC. From Figs. 4–7, the use of joint triple-cell detection is
found to provide substantial performance improvement for both
uniform MIP and an exponentially decaying MIP with ,
especially in a low SIR range. This indicates that the use of
joint triple-cell detection effectively mitigates the effects of a
decrease in the SIR for each cell. From Figs. 4–7, for the
joint triple-cell detection, the combining gain of a uniform MIP
is also higher than that of an exponentially decaying MIP with
.
The effects of the number of resolvable pathson the mean
acquisition time are shown in Figs. 8 and 9 for a uniform MIP
and . Fig. 8 is associated with SIR/chip dB,
which represents a relatively high SIR, and Fig. 9 with SIR/chip
dB, which represents a relatively low SIR. In Fig. 8,
the mean acquisition time of NCS-CC and NCS-TC is shown
to decrease with increasing, while that of the conventional
cheme does not vary with . This indicates that the increase
in the number of cells is more significant than the decrease
in SIR for each cell at SIR/chip dB. In Fig. 9, the
performance of NCS-TC is found to improve slightly when
changes from 3 to 4, while it degrades, whenis higher than
4. The performance of the conventional scheme and NCS-CC is
observed to degrade, when increasing. This is because that
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the decreasing in the SIR for each resolvable path is more sig-
nificant than the increasing in the number of cells. From
Figs. 8 and 9, it can also be observed that NCS-TC provides
significant performance improvement compared to the conven-
tional scheme for a given range of , whether SIR/chip is high
or low.
V. CONCLUSIONS
In this paper, an acquisition scheme that effectively utilizes
multipaths is proposed in frequency-selective fading channels.
This scheme utilizes nonconsecutive search and joint triple-cell
detection. Mean acquisition time performance is analyzed in fre-
quency-selective Rayleigh fading channels. The performance of
the proposed and conventional acquisition schemes is evaluated
and compared. It is found that the proposed acquisition scheme
significantly outperforms the conventional schemes over fre-
quency-selective Rayleigh fading channels. The minimum mean
acquisition time, which can be achieved at high SIR’s, is shown
to decrease with the increasing of the number of resolvable paths
by employing nonconsecutive search. At a low SIR, the pro-
posed acquisition scheme is also shown to provide a significant
performance improvement due to the combining gain provided
by the joint triple-cell detection.
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